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Abstract
An algorithm was developed for the simulation of a phase transition in solid state which
makes it possible to obtain the kinetic curves of transformation under different initial
conditions (the number and arrangement of new phase nuclei, the distance between
the nearest nuclei). The simulation results were analyzed using the Kolmogorov-
Johnson-Mehl-Avrami equation and the corresponding coefficients were determined.
The correlation between the simulation results and the experimental kinetics of the
austenite isothermal transformation in alloyed steels was shown.
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1. Introduction
During last decades the isothermal heat treatment of various steels is of a great impor-
tance in science and industry [1, 2] due to the development of new steel grades (TRIP-
aided steels [3], TBF steels [4], QP steels [5]) and to the implementation of new heat
treatment technologies aimed to obtain bainite microstructure in steels (austempering
[4], quenching-partitioning [5 – 7]). Themain purpose of such investigations is to produce
the steel parts possessing high strength and high ductility simultaneously. Therefore the
detailed study of the processes taking place during the isothermal bainite transformation
is of current interest along with the investigation of the factors affecting the bainite
transformation kinetics.
The experimental kinetics of the isothermal austenite transformation (bainite and
pearlite) usually consists of three characteristic stages [8, 9]: (1) initial acceleration of
the transformation due to the formation of new nuclei and growth of previously formed
nuclei; (2) deceleration of the transformation due to the site saturation and impingement
of the growing volumes of new phase; (3) complete stop of the transformation due to
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the exhaustion of the untransformed volume or the absence of sites where new nuclei
could be formed.
Mathematical description and analysis of the experimental kinetics of the austenite
isothermal transformation may be performed using the following equations:
1. Kolmogorov-Johnson-Mehl-Avrami (KJMA) equation [10 – 14]
𝑃 = 1 − exp(−𝑘𝜏𝑛), (1)
where P – the fraction of the transformed austenite; τ - time; k – the temperature
dependent coefficient; n – the exponent.
2. Austin-Rickett equation [15]
𝑃 = 1 − (𝑘𝜏𝑛 + 1)−1. (2)
3. Weibull function [16]
𝑃/𝑃 𝑝 = 1 − exp(−𝑏(ln(𝜏))𝑛), (3)
where P𝑝 – the maximum equilibrium transformation fraction obtained at the given
temperature; b, n – the equation parameters.
4. Logistic function [17]
𝑃/𝑃 𝑝 = 1 − 1/[1 + exp(𝑏 + 𝑎 ln(𝜏))], (4)
where a, b – the constant coefficients for the given temperature of the isothermal
transformation.
The choice of the equation for the mathematical description of the experimental data
should provide the accuracy and adequacy of the calculation results. However the KJMA
equation is often used even if the calculated transformation kinetics does not adequately
fit the experimental data [18 – 20]. This is related to the great fundamental basis of the
coefficients of the KJMA equation [8, 9]. It is believed that k is the parameter of the trans-
formation rate determined by the transformation temperature and the activation energy
and n is the exponent characterizing the parameters of the nucleation and growth of the
new phase.
Lee and Kim [21] proposed the new generalized kinetic equation:
𝑑𝑃/𝑑𝜏 = 𝑘𝑛𝜏𝑛−1(1 − 𝑃)𝑐+1, (5)
where c is the impingement factor which accounts for the possible impingement modes
of the growing volumes of the new phase. When c = 0 the transformation slows down
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due to the change of the chemical composition of the parent phase and kinetics is well
described by KJMA equation (soft impingement). When c = 1 the hard impingement
occurs due to the collision of the growing volumes of the new phase, and kinetics is
described by Austin-Rickett equation.
The implementation of the different impingement modes may be attributed to the
initial condition of the system (the concentration and the distribution of the nuclei of
the new phase in the parent phase volume; the distance between the nuclei etc.). The
present work is aimed at the analysis of the effect of the initial nuclei distribution on the
transformation kinetics by means of the computer simulation. The correlation between
the simulated transformation kinetics and the experimental kinetics of pearlite and bai-
nite transformation in alloyed steels will be shown.
2. Experimental
The computer simulation of the phase transformation was performed using the “Matlab”
software. The program was developed on the basis of the procedures for constructing
the wave fronts in an isotropic medium [22]. The wave front was the interface between
the transformed and untransformed parts of the single crystal. Themodeling volumewas
a cube containing from 8 million to 64 million of the calculation nodes which can be in
initial (untransformed) or new (transformed) condition. At the first stage of a simulation
the program assigned the nodes of the new phase nuclei using random or presetted
distribution. Then the procedure of the stepwise change of the phase condition of the
nodes was performed. On every calculation step the transformation occurred in the
nodes in initial condition which were directly bordering with the previously transformed
volume. So the new phase grew layer by layer. The results of the simulation were listed
in the text files which included: the distribution of the nuclei nodes before the start of the
transformation; the distances between the nuclei; the number of the transformed nodes
on every calculation step (transformation kinetics).
The analysis of the phase change kinetics was performed using KJMA equation (Eq.
1). The results were presented as the kinetic plots in logarithmic coordinates {ln(–ln(1 –
P)), –lnτ}.
The following initial distributions of the new phase nuclei were chosen for the com-
puter simulation: (1) in the vertices and the edges of the cube; (2) in the vertices and the
faces of the cube; (3) randomly in the volume of the cube; (4) in the volume of the cube
with the concentration gradient.
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The following simulation parameters were used: the volume of the cube was 8 × 106
nodes for the nuclei distributions 1, 2 and 3; 64 × 106 – for the nuclei distribution 4; the
mean concentration of the new phase nuclei before the start of the transformation was
1,25 × 10−3 % for the nuclei distributions 1 and 2; from 1,25 × 10−4 % to 1,25 × 10−2 % for
the nuclei distribution 3; 9,4 × 10−4 % for the nuclei distribution 4. The projections of the
new phase nuclei coordinates on the base plane of the cube are presented in Fig. 1 for
the different nuclei distributions.
  
a       b 
  
c              d 
Figure 1: The projections of the coordinates of the new phase nuclei on the base plane of the cube before
the transformation start: a) in the vertices and the edges of the cube; b) in the vertices and the faces of the
cube; c) randomly in the volume of the cube (100 nuclei); d) in the volume of the cube with the concentration
gradient.
The simulated kinetics of the phase transition was compared to the experimental
austenite isothermal transformation kinetics in alloyed steels. The experimental data
were obtained using the dilatometer Linseis L78 R.I.T.A. The cooling from the austen-
itization temperature 925 ∘C to the isothermal holding temperature (670 ∘C for the
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38Cr2NiMoV steel and 330 ∘C for the D6AC steel) was performed at the rate 30 ∘C/s.
The duration of the isothermal holding was at least 2 h.
3. Results and Discussion
Fig. 2, a presents the typical kinetics of the simulated phase transformation in the cube
(8 × 106 nodes) with various initial amount of new phase nuclei (10, 100 and 1000). The
nuclei were randomly distributed through the volume of the cube (Fig. 1, c). It is obvious
that the one hundredfold increase of the initial nuclei concentration led to the sufficient
acceleration of the transformation and decrease of the total transformation time (approx.
5 times). The mathematical description of the simulated transformation kinetics using
KJMA equation provided the good fit for almost entire transformation (Fig. 2, b). The
deviation was observed only at the end of the transformation when the growing volume
of the new phase approached the faces of the cube. The exponent of the KJMA equation
n≈ 3 andwas the same for all the cases considered in Fig. 2. The value of the ln(k) varied
from -13,54 (for 10 nuclei) to -9,04 (for 1000 nuclei). Therefore the initial amount of the
new phase nuclei did not significantly affect the value of the exponent n. This agrees
with the classical phase transformation theory stating that the value of the exponent n
is related with the shape of the growing particles of the new phase [8, 9].
  
a        b 
Figure 2: The result of computer simulation of phase transformation with different initial concentration of
the new phase nuclei (a) and the kinetics of phase transformation in logarithmic coordinates (b).
Somewhat different transformation kinetics was observed when the new phase nuclei
were arranged in the vertices, edges and faces of the cube excluding the nuclei inside
the cube (Fig. 1, a, b). When the nuclei were placed only in the vertices and the edges of
the cube the exponent n decreased to 2,3 (Fig. 3, a) and when the nuclei were arranged
only in the vertices and the faces of the cube – n = 2,5 (Fig. 3, b). The corresponding
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values of the ln(k) were in the range from -10,6 to -10,3. The obtained results show that
the geometry of the nuclei distributionmay significantly change the transformation kinet-
ics. When the new phase nuclei were distributed non-uniformly throughout the volume
of the cube (Fig. 1, d) the different transformation kinetics was observed (Fig. 3, c). From
the simulation start to the 60 – 65 % of the transformation the value of the exponent n
= 2,8 and the value of the ln(k) = -11,0. These values are close to the ones obtained for
the random distribution of the nuclei throughout the volume of the cube. When the 60 –
65 % of the transformation was reached there was an inflection point on the logarithmic
plot (Fig. 3, c) and the further transformation proceeded with the different values of the
coefficients: n = 1,3 and ln(k) = -5,2.
The inflection on the kinetic plot (Fig. 3, c) was observed not only for the simulated
transformation, but also for the real isothermal austenite transformations in steels. Fig.
4 presents the experimental isothermal transformation kinetics of the austenite in the
38Cr2NiMoV steel (austenite – pearlite transformation, Fig. 4, a) and D6AC steel (austen-
ite – bainite transformation, Fig. 4, b). For the austenite – pearlite transformation in
the 38Cr2NiMoV steel the following values of the exponent n was obtained: from the
transformation start until 73 – 78 % of pearlite was formed n = 3,8 and then n = 1,7. For
the austenite – bainite transformation in the D6AC steel n = 3,5 until 83 – 85 % of bainite
was formed and then n decreased to 1,3.
Some researchers [23, 24] associate the inflection on the kinetic plot with the change
of the transformation “mode”. However the similar inflections were observed both for the
different experimental austenite transformations in steels (diffusion controlled austenite
– pearlite transformation and combined diffusion controlled and diffusionless austenite
– bainite transformation) and for the simulated transformation characterized by only one
‘mode’ of the phase transition (the volume of the new phase grows layer by layer per
calculation step). Therefore the main factors determining the kinetics of the austenite
transformation in steels are the distribution of the nuclei at the beginning of the trans-
formation and, to some extent, the mean concentration of the nuclei.
The occurrence of the inflection on the kinetic plot may be attributed to the non-
uniform distribution of the nuclei in the steel due to the local chemical or microstructure
inhomogeneity. For example the 38Cr2NiMoV steel had the microstructure inhomo-
geneity formed during the hot working of a sample and the D6AC steel possessed the
banded microstructure after the hot rolling.
Thereby KJMA equation in its classical interpretation is not well suitable for themathe-
matical description of the isothermal austenite transformations observed in the commer-
cial steels. The urgent matter nowadays is to find amethod providing themost adequate
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a      b 
 
c 
Figure 3: The simulated phase transformation kinetics for the initial arrangement of the nuclei in the vertices
and the edges (a); in the vertices and the faces (b); for the non-uniform initial distribution.
   
a       b 
Figure 4: The experimental kinetics of isothermal austenite transformation in alloyed steels: a) pearlite
transformation in 38Cr2NiMoV steel, 670 ∘C; b) bainite transformation in D6AC steel, 330 ∘C.
and convenient analysis of the experimental austenite transformation kinetics in steels.
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For example, when the logistic Eq. 4 [17] is used to analyze the same experimental and
simulated transformation kinetics the resulting logarithmic plots do not have any inflec-
tion or other features. So the further analysis of the experimental data will be simplified
and the wrong conclusions concerning the change of the transformation ‘mode’ will be
avoided.
4. Summary
The algorithm for the computer simulation of the phase transition in the solid state is
developed. The implemented procedures allow for estimation of the influence of the
system’s initial state on the transformation kinetics. The modeling volume is a cube
containing up to 400×400×400 calculation nodes.
The initial distribution of the new phase nuclei significantly affects the values of the
coefficients n and k of the KJMA equation: when the nuclei are distributed uniformly
throughout the cube n = 3 regardless of the nuclei concentration; when the nuclei are
arranged only in the vertices, the edges and the faces of the cube n = 2,3 – 2,5; when
there is the gradient of the nuclei concentration in the volume of the cube the exponent
n varies during the transformation from 3 to 1,5.
The kinetics of the simulated transformation (for the gradient distribution of the new
phase nuclei) is similar to the kinetics of the isothermal pearlite and bainite transfor-
mation in commercial alloyed steels. This indicates that the change of the exponent n
during the austenite transformation may be attributed to the non-uniform distribution of
the nuclei in the steel due to the chemical or microstructure inhomogeneity.
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